We have developed a compact photoelectron imaging facility, including an anion source with dissociative photoelectron attachment to molecules, a linear time-of-flight mass spectrometry (TOFMS), and an orthogonal high-resolution threshold photoelectron velocity map imaging spectrometer (VMI). Intense and cold cluster anions were prepared in photoelectronattachment processes upon pulsed UV laser ablation of metal target. Combining this anion source with TOFMS-VMI, the achieved mass resolution is about 200, and the electron kinetic energy resolution is better than 3%, i.e., 30 meV for 1 eV electrons. More importantly, low-energy photoelectron imaging spectra for CH 3 S − and S 2 − at 611.46 nm are obtained. In both cases, the refined electron affinities are determined to be 1.8626±0.0020 eV for CH 3 S and 1.6744±0.0035 eV for S 2 , respectively. Preliminary results suggest that the apparatus is a powerful tool for estimating precise electron affinities values from threshold photoelectron imaging spectroscopy.
I. INTRODUCTION
Based on particle velocity map imaging (VMI), photoelectron spectroscopy has developed rapidly as an essential tool for the investigation of molecular reaction dynamics over the last two decades [1] . Compared with conventional time-of-flight (TOF) or magnetic bottle photoelectron spectroscopy [2−6] , photoelectron VMI is not only sensitive to detect very slow electron (<1 meV) [7] , but also can record directional information (in the form of angular distributions). It can be used to probe the electronic and geometric structure with well-resolved vibrational progressions for many simple complexes based on threshold photodetachment method [7−10] . Electron affinity (EA) of an atom or molecule is one important physical property for the particle to bind an electron. The properties of anions have fundamental significance in atomic and molecular physics and gas-phase ion chemistry [11] . And the EA for atoms and molecules is commonly measured in the gaseous phase by laser photoelectron spectroscopy (LPES). To determine the EA value of specific complex, variant anion sources have been developed. Anion photodetachment VMI can be applied to measure these EAs and well resolved vibrational structures for many kinds of neutral counter-parts precisely. Generally, typical anion source used in anionic photoelectron spectroscopy includes laser ablation source, pulsed arc cluster ion source (PAICS), magnetron sputtering source, electrospray ionization source (ESI), electron bombardment ionization source (EI) (electron energy>100 eV). While the anion source based on pulsed UV laser-induced electron attachment (LIEA) to molecule is rarely reported in this field except Boesl et al. [12] . In this way, UV laser (355 or 266 nm) is employed to irradiate metal target to produce lowenergy photoelectrons. The target anions can be formed in the electron attachment-dissociation-molecular collision cooling-chemical reactions or cluster formation process. Owing to its high brightness (laser pulse ∼10 ns and laser energy ∼1 mJ of 355 or 266 nm), high intensity (>10 10 electrons/pulse·cm 3 ) and small divergence angle of photoelectron beam (<15
• , very small area), the source is suitable to yield high stable, relatively cold and intense anion beams which are of great interest for anion photodetachment photoelectron spectroscopy researches. Boesl group combined this source with anion TOF photoelectron spectroscopy to study EAs and electronic structures for small anion molecules [13, 14] . However, it is still difficult to obtain accurate electron affinities (EAs) and vibrational structures (such as CH 3 S − , S 2 − ) due to the properties of low detection efficiency of low-energy electrons and limited electron energy resolution (∼10 meV) of this conventional photoelectron energy spectroscopy. Previous reports of EA value presented obvious discrepancy, more In the present work, we will introduce this LIEA source, and combine it with low-energy photoelectron imaging to explore the significantly accurate EAs of anion radical precursors.
II. DESIGN OF THE INSTRUMENT
An overview of the experimental apparatus is demonstrated in Fig.1 . The apparatus consists of two chambers, a source chamber and a detection chamber. Two chambers are separated by a 4 mm diameter skimmer. For the detection chamber, it composes of a newly designed double channel TOF/MS (D-TOF/MS) and an orthogonal VMI analyzer. This orthogonal arrangement would be favorable for our planning time resolved studies. Detailed description of D-TOF/MS has been published elsewhere [22] . To avoid contamination from the vacuum system, oil-free pumps are used in the whole apparatus. The whole cube-vacuum chamber, especial electrode plates of VMI, are made of nonmagnetic stainless steel with dimensions of 70 cm×35 cm×50 cm. The VMI spectrometer is magnetic shielded by a 1 mm thick µ-metal tube to reduce the effect from the stray magnetic fields around. The base pressures of the source chamber and detection chamber are less than 5×10 −8 Torr with the pulsed valve off, while they will be respectively increased to 5×10 −5 and 4×10 −7 Torr with the valve on at 10 Hz.
A. Anion source
We use a modified anion source of Smalley type cluster source [23] , namely, dissociative photoelectron attachment anion source induced by UV laser as shown in the inset of Fig.1 . the 355 or 266 nm Nd:YAG laser (Spectra Physics, Inc., model INDI-40-10) with pulse energies ranging of 1−20 mJ/pulse at 10 Hz irradiate metal rod to yield slow electrons which intersect supersonic molecule approximately 2−5 mm downstream from the throat of pulsed valve to produce anion precursors of neutral radicals or metal stable molecules developed for many years [24−26] . With the aid of this method we have prepared many cold anion precursors for photoelectron imaging. Because of the quite high photoelectron currents and instantaneous characteristic of slow electron (∼1 A/pulse) in UV laser, which is beyond that of conventional electron gun (<1 mA DC current) [26] , this source is a promising anion source for many organic or biologic molecules of interest as a better soft-ionization source.
B. Photoelectron imaging spectrometer
During the photodetachment imaging experimental, the voltage of the Einzel lens was carefully altered, so that the anions of interest were focused into the photodetachment region. A schematic of our photoelectron imaging analyzer is depicted in Fig.2(a) , which comprises a µ-metal shielding tube, a velocity-map imaging lens system, and a position sensitive detector. Magnetic fields are avoided by shielding the entire detachment and detection region with a concentric µ-metal tube. The ions were focused via cylindrical Einzel lens and guided to the laser detachment region. Photodetachment of the electrons were accomplished with UV radiation of Nd:YAG laser (Minilite ML-II, Continuum) or tunable dye laser (Sirah, Precision Scan) pumped by a Nd:YAG laser (Spectra-Physics PRO-230). The laser radiation is linearly polarized, always parallel to the plane of the imaging detector. The photodetachment electrons in the interaction spot are vertically extracted by the VMI lens system based on the original design of Eppink and Parker [1] . The VMI lens system is composed of four 7.5 cm in diameter nonmagnetic stainless steel plates: repeller (U 1 ), extracter (U 2 ), extracter (U 3 ), and ground, which are spaced 20 mm apart from each other with ceramic spacers. Each plate (extracter and ground) has a hole with 24 mm in diameter, while U 2 plate has 12-mm-diameter hole for the transmission of photoelectrons. The focus condition can be adjusted by varying the ratio of the U 3 /U 2 /U 1 . The pulsed high voltage voltages (typically, U 1 , U 2 , and U 3 are applied to be −1203, −931, and −398 V, respectively) are provided by a ∼25 ns rise/falltime pulse generator (PVX 4140, DEI Inc.). Generally, low voltages (−200 V to −500 V) are adopted with the image filling the overall detector near threshold photodetachment (e kE <0.5 eV). The modification of three stage electronic fields enable us to acquire better resolution for photoelectron spectra with lower noise as compared to normal two stage electronic fields photoelectron imaging. We designed a 50 cm drift region which is from the detachment region to the phosphor screen plane. The overall scheme is illustrated in Fig.2 . After passing through a field-free drift region, the electrons are mapped onto a 75-mm-diameter imaging detector consisting of a dual chevron microchannel plate (MCP) assembly coupled to a P-47 phosphor screen (Photonis, Inc.). The 2D images on the phosphor screen are recorded by a charge coupled device (CCD) camera (Andor Luca, 648×496 pixels) and transferred to a PC for analysis. The CCD camera is operated at a repetition rate of 10 Hz in a photo-counting mode. The trajectories of electrons have been simulated with the SIMION 3D VER 8.0 program (Scientific Instrument Services, Inc) ( Fig.2(b) ), and different 2D sliced rings corresponding to different kinetic electrons which can be simulated by event counts accumulation mode as shown in Fig.2(c) .
The MCPs are operated in a pulsed-bias mode similar to that employed by Sanov and coworkers [27] . A dc voltage of 1.1−1.3 kV is pulsed up to 1.6−1.8 kV for 50−200 ns window timed to coincide with the arrival of the photoelectrons. The high-voltage pulses are provided by a ∼10 ns rise/fall-time pulse generator (HV1000-P, DEI Inc.). Typical output pulsed high voltage is about 1.8 kV with duration of 200 ns. In order to reduce the background and eliminate ion signal of collection, the detachment electron signal is accumulated by the time gate on the detector within about 200 ns. Each image reported here represents 5×10
3 −5×10 4 experimental cycles containing up to 10 6 counts for gaining a satisfactory signal-to-noise ratio.
C. Time sequence and experiment procedure
Two delay pulse generators (DG535, Stanford Research System, Inc.) operating at 10 Hz control the time sequence in the photoelectron imaging system, as shown in Fig.3 . It is crucial to adjust precise timing of all experimental components. The experimental cycle of apparatus begins by firing the valve at T 0 . The valve is opened for about 150−400 µs. The A output triggers the ablation laser. Then the B output supplies self-made pulsed extraction voltages and oscilloscope for collecting mass spectrum from the bottom channel TOF. The D output which links to the B output fires the detachment laser. The CD output controls the second DG535, which starts at the time C and ends at the beginning of D. The second DG535 provides the "imaging window" time, in which the T 0 output provides CCD camera trigger while A output triggers extraction high voltages for photoelectron image with 5 µs pulse width and C output supplies the extra +600 V bias to detect photoelectrons with 200 ns pulse width.
III. PERFORMANCE TEST
A. TOF mass spectra Figure 4 describes mass spectra of anion fragments and clusters with slow electron dissociative attachment to CH 3 SH molecule using 355 and 532 nm laser (10 Hz, 10 mJ/pulse) radiating rotating silver rod. A proportion of 1% CH 3 SH seeded in He carrier gas (99.999%) is expanded into the vacuum through a pulsed molecular beam valve (general valve) with an orifice of 0.5 mm, and the stagnation pressure of the gas mixture is about 3 atm. As indicated in Fig.4 , two laser wavelengths (355 and 532 nm) are available under current experimental conditions. The mass resolution (m/∆m) is about 200 for 109 Ag isotope in Fig.4(a) . Besides silver isotopes, we investigate primary precursors of sulfur-containing anions of the SH − , S 2 − , HS 2 − , CH 3 S − , HSC 2 − , and HCS 2 − fragments. The CH 3 S − and S 2 − are used to be tested in photoelectron imaging experiment as follows. While it is interesting to note that molecule anion precursor ((M-H) − ) of CH 3 S − is decreased markedly and fragments of C 2 H − , S − , and SH − become prominent products in the laser irradiation ion source at 532 nm (about 20 mJ). If we attempt to obtain the high-yield of CH 3 S − at 532 nm, possibly much higher total output energy is necessary, but that must cause further fragmentation and much higher temperature in the ion source. It is unfavorable to acquire better resolved photoelectron spectra of anions. So the UV laser induced slow electron attachment anion source should be viewed as an ideal soft-ionization source.
B. Photoelectron imaging spectra
The photoelectron signal collected by CCD camera (Andor Luca, 648×496 pixels) is fed to the computer using photo-counting mode software interface (Andor Luca software) or event-counting mode software interface written by LabVIEW code. With regard to a single shot image shown in Fig.5 , each electron only illuminates a single pixel, so the benefit of using eventcounting mode is limited [28] . Thereby, photo-counting mode is adopted for all photoelectron imaging in this work.
The photoelectron imaging of Cu − at 355 nm shown in Fig.6 is used to calibrate the imaging analyzer. The photoelectron imaging results of Cu − exhibit the raw (left half of image) and inverted images (right half of image) taken at 3.496 eV photon energy (repeller potential is −1203 V). The photoelectron spectrum of Cu − shows three features which correspond to the transitions from the anion electronic ground state 1 S 0 into the neutral ground state 2 S 1/2 and the excited state (13), and 2.878(9) eV, respectively [29, 30] . The energy resolution obtained from the 2 S 1/2 state for maximum energy electrons filling the detector is about 2.7%, which is slightly worse than that of simulated result. Since three-dimensional (3D) distributions of photoelectron velocity vectors are cylindrical symmetry about the laser's electric field vector from the detachment center, all the photoelectron images were reconstructed making the Basis Set Expansion (BASEX) Abel transform method easy to acquire the original radial and angular distributions [31] . The spectrum is accumulated with 5000 laser shots at 10 Hz repetition rate. The experimental uncertainty of the absolute electron kinetic energy of well-resolved peaks is 60 meV at full width at half maximum (FWHM) for 2.26 eV photoelectrons with a kinetic energy resolution of 2.7% (∆E/E). For small anions, the observed narrowest peak arises from S − (m=32 amu) threshold photodetachment, 2−3 meV FWHM at a photoelectron kinetic energy of 10 meV.
Well resolved threshold photoelectron images of CH 3 S − and S 2 − are demonstrated in Fig.7 at the detachment wavelength of 611.46 nm. Since EA defines the first vibrational peak of electron binding energy, we can obtain EAs from vibrational resolved electron spectra. However, Enillison et al. didn't unambiguously observe initial band-head owing to hot band induced from spin-orbit excited state and vi- shows the directions of the laser polarization. Photoelectron spectrum is calculated from the inverted image. The numbers in spectrum show the vertical detachment energy (VDE), the peak widths at full width at half maximum. brational excited state of CH 3 S − and S 2 − transitions at relative high temperature (∼600 K) [18] . The reported results from other groups also show significant discrepancy with each other and some results have relatively large errors.
For the CH 3 S radical, the determined EA values are 1.8610±0.0040 eV [16, 17] , 1.882±0.022 eV [15] , 1.871±0.012 eV [18] , and 1.8670±0.0040 eV [19] . For the S 2 molecule, the determined EA values are: 1.565±0.050 eV [21] , 1.663±0.040 eV [20] , and 1.670±0.015 eV [18] . Herein, energy calibration is achieved using S − threshold photodetachment (S − ( 2 P 1/2 )→S( 3 P 2 ), E b =2.0175(15) eV) [32] at 611.46 nm. In Fig.7(a) , the spectrum is obtained by photodetachment of the CH 3 S − at 611.46 nm, two sets of band states corresponding to transitions assign to the 1 A 1 →X 2 E 3/2 and 2 E 1/2 with space of 262(16) cm −1 are observed, and all vibrational peaks are resolved coinciding to the results [15, 19] . We can determine the accurate EA for CH 3 S of 1.8626(20) eV at first vibrational peak. In Fig.7(b . The adiabatic electron affinity of S 2 is determined to be 1.6744(35) eV. The detailed analysis of resolved vibrational structures will be published elsewhere.
IV. CONCLUSION
A new compact low-energy photoelectron imaging instrument has been designed, constructed, and coupled with LIEA source. By taking advantages of high resolution capability (2−3 meV) of threshold electron of VMI, well resolved spectra of CH 3 S − and S 2 − have been demonstrated. The refined electron affinities are determined to be 1.8626±0.0020 eV for CH 3 S and 1.6744±0.0035 eV for S 2 , respectively. These spectral precision measurements of EAs can be contributed to develop the practical applications of threshold VMI to the new fields of analysis. More improvements should be made as it is far from satisfactory when the apparatus is applied to heavy species analysis of primary biomolecules.
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